Differentiated cells assume complex shapes through polarized cell migration and growth. These processes require the restricted organization of the actin cytoskeleton at limited subcellular regions. IKK3 is a member of the IkB kinase family, and its developmental role has not been clear. Drosophila IKK3 was localized to the ruffling membrane of cultured cells and was required for F actin turnover at the cell margin. In IKK3 mutants, tracheal terminal cells, bristles, and arista laterals, which require accurate F actin assembly for their polarized elongation, all exhibited aberrantly branched morphology. These phenotypes were sensitive to a change in the dosage of Drosophila inhibitor of apoptosis protein 1 (DIAP1) and the caspase DRONC without apparent change in cell viability. In contrast to this, hyperactivation of IKK3 destabilized F actinbased structures. Expression of a dominant-negative form of IKK3 increased the amount of DIAP1. The results suggest that at the physiological level, IKK3 acts as a negative regulator of F actin assembly and maintains the fidelity of polarized elongation during cell morphogenesis. This IKK3 function involves the negative regulation of the nonapoptotic activity of DIAP1.
Summary
Differentiated cells assume complex shapes through polarized cell migration and growth. These processes require the restricted organization of the actin cytoskeleton at limited subcellular regions. IKK3 is a member of the IkB kinase family, and its developmental role has not been clear. Drosophila IKK3 was localized to the ruffling membrane of cultured cells and was required for F actin turnover at the cell margin. In IKK3 mutants, tracheal terminal cells, bristles, and arista laterals, which require accurate F actin assembly for their polarized elongation, all exhibited aberrantly branched morphology. These phenotypes were sensitive to a change in the dosage of Drosophila inhibitor of apoptosis protein 1 (DIAP1) and the caspase DRONC without apparent change in cell viability. In contrast to this, hyperactivation of IKK3 destabilized F actinbased structures. Expression of a dominant-negative form of IKK3 increased the amount of DIAP1. The results suggest that at the physiological level, IKK3 acts as a negative regulator of F actin assembly and maintains the fidelity of polarized elongation during cell morphogenesis. This IKK3 function involves the negative regulation of the nonapoptotic activity of DIAP1.
Results and Discussion
In a gene misexpression screen for regulators of epithelial morphogenesis of the Drosophila tracheal system, we identified IKK3 (CG2615, Figure 1C ), a member of the IKK protein kinases that are known to activate NFkB [1, 2] . IKK3 and TBK1 form a distinct subfamily of IKKs [3, 4] , and their roles in development remain unclear. The tracheae consist of tubular epithelium whose apical surface labeled with the F actin marker GFP-moesin faces the luminal side (Figure 1A , arrow; [5] ). Overexpression of IKK3 disrupted epithelial integrity, and the prominent apical accumulation of F actin and apicalbasal polarity were both lost ( Figure 1B ) with no apparent sign of cell death ( Figure 1D ). IKK3 mRNA was detected ubiquitously ( Figure S1 in the Supplemental Data available online), and the IKK3 protein was present as punctate patterns in the tracheal terminal branch ( Figure 1E ).
To reveal the cellular functions of IKK3, we studied its role in Drosophila S2 cells [6] . IKK3 was concentrated in the thick cytoplasmic (C) domain [7, 8] (Figure 2A ). In the thin peripheral (P) domain, a retrograde F actin flow was active ( [7, 9, 10] Movie S1) and occasionally formed a ruffling membrane where IKK3 and F actin colocalized (Figure 2A, inset) , suggesting that the localization of IKK3 and F actin is, in general, mutually exclusive, but that they colocalize where F actin-driven cell motility is high. IKK3 activity was reduced by transfecting a dominant-negative IKK3 (IKK3 DN : a kinase-defective K41A mutation) or by double-stranded-RNA-mediated knockdown. Neither of these treatments altered cell viability. We grouped the cell shapes of S2 cells into three classes-stellate, serrate, and smooth-and quantified the frequency of each class (morphology index: MI, Figure 2B ). The MI of IKK3 DN or IKK3 RNAi cells was higher than that of control cells ( Figures 2C and 2D) , suggesting a possible involvement of IKK3 in F actin-based cell morphogenesis. We analyzed the function of IKK3 in F actin dynamics (Movies S1-S3). The kymograph showed the distinct P domain with parallel diagonal lines, indicating a constant retrograde flow of F actin, and the C domain with horizontal lines, indicating a static F actin (Figure 2F) . In serrate-class cells with IKK3 DN , we observed a slight deceleration of the retrograde F actin flow, as well as a narrowing of the P domain ( Figure 2F , Movie S3). P domain size decreased from 6.70 6 2.38 mm (n = 13) in control cells to 4.37 6 1.67 mm (n = 30) in IKK3 DN -expressing cells (p < 0.002), suggesting that IKK3 is required for active retrograde F actin movement and to maintain the flat cell shape.
To determine the effect of an elevated level of IKK3 on cell shape, we examined cells stably transformed with a methallothionein-promoter-driven IKK3 construct. By controlling the level of induction, we were able to establish a condition that did not alter cell viability assessed by measuring transfected lacZ activity ( Figure 2E ). We found that the MI of IKK3-expressing cells was lower than that of the control cell line ( Figure 2E ) and that the *Correspondence: shayashi@cdb.riken.jp rate of retrograde F actin flow was increased (pMT-IKK3: 2.51 6 0.51 mm/min, n = 31; control: 1.87 6 0.61 mm/min, n = 19, p < 0.001), suggesting that a moderate elevation of the level of IKK3 affects cell shape and F actin dynamics. We also noted that a high level of IKK3 activity caused stochastic entry into apoptosis ( Figure S2 , Movies S4 and S5). By selecting viable cells by replating onto Con A-treated plates, we found that MI was reduced ( Figure 2C ) and the retrograde F actin flow and membrane ruffling were increased ( Figure 2F , Movie S2). These results suggest that IKK3 can both alter cell shape and promote F actin flow. We also found that IKK3 affects the dynamics of microtubule plus ends in the P domain. Because this effect was cytochalasin D sensitive, we concluded that IKK3 indirectly regulates microtubule plus-end dynamics in the P domain by promoting retrograde F actin flow ( Figure S3 , Movies S6-S8).
We next turned our attention to the phenotype of the embryonic tracheal system in the strong loss-of-function mutant ikk3 66 ( Figure 1C ). Tracheal branching occurred normally with apparently normal cell number. In stage 17 embryos, however, the terminal branches displayed abnormal morphologies ( Figures 3A-3C ). One class was the duplication of terminal cells expressing the terminal-cell marker SRF ( Figure 3B , ''duplicated,'' data not shown). Because of the level of activated MAP kinase being indistinguishable from that of the control, the level of FGF signaling appeared to be unaltered ( Figure S4 ). The other classes showed the phenotype of turned or bifurcated actin cores in terminal cells ( Figure 3B ). We focused on these classes to address the role of IKK3 in cell shape.
The terminal branch consists of a single terminal cell that contains distinct F actin-rich structures, the central actin core ( Figure 3E , labeled green), F actin dots (open arrowhead), and peripheral filopodia (Movie S9) [11] . Control terminal cells initially take on a bipolar shape, extending numerous filopodia in both dorsal and ventral sides, with the actin core often having a U shaped structure, bending toward the dorsal margin, where F actin dots and filopodia were abundant ( Figure 3D , 0 min). During the next 30 min period, terminal cells underwent a change from a bipolar to monopolar shape, filopodia in the dorsal half decreased, and the actin core was redirected ventrally ( Figures 3D, 3E , 3H, and 3I). Throughout this process, F actin dots transiently aligned near the growing distal tip of the actin core ( Figure 3E , open arrowhead) and later matured into the actin core. In the ''turned'' class of ikk3 66 mutant cells, the distal tip of the actin core remained directed toward the dorsal side. Although no significant difference in the stability of individual filopodia was detected, filopodia extension persisted in both the dorsal and ventral side in ikk3 66 mutants ( Figures 3H and 3I , Movie S10). The number of F actin dots increased in the ikk3 66 mutants (Figure 3J) , and a similar phenotype was observed by the tracheal-specific expression of IKK3 DN ( Figure 3J ). Furthermore, ikk3
RNAi caused the terminal branch to turn or duplicate ( Figure 3B ), suggesting cell autonomy of IKK3 function. Additionally, palm-like structures with secondary and tertiary branches at the tips of filopodia were frequently observed in ikk3 66 mutants (Figures 3K-3M ). We concluded that the loss of IKK3 function led to persistent filopodia formation in the dorsal side and the ectopic accumulation of F actin dots, as well as to the misorientation and bifurcation of the actin core and the terminal branch.
Sensory bristles are formed by the outgrowth of shaft cells into the animal's exterior, accompanied by the assembly of a small cluster of F actin filaments close to the membrane of the growing tip [12] . When we inhibited IKK3 function with IKK3 DN or dsRNA interference (ikk3 RNAi ), the macrochaetae became gnarled and forked ( Figure 4A , [13] ). Inhibition of IKK3 also caused malformation of the antenna arista, a terminal segment of the antenna composed of several unicellular laterals and a multicellular central core [14, 15] (Figure 4B ). This phenotype resembles that of actin-regulatory gene mutants [16] [17] [18] [19] , suggesting that IKK3 prevents excess branching through regulation of F actin asembly.
Another class of genes involved in arista morphogenesis includes the cell-death regulators hid and Drosophila inhibitor of apoptosis protein 1 (DIAP1) [14, 20] . The identification of DIAP1 as a negative regulator of IKK3 [21] led us to investigate the genetic interaction of DIAP1 and IKK3. We mildly modified the dosage of DIAP1 by dsRNAi (DIAP1 RNAi ) or by overexpression (DIAP1 OE ), which did not cause a significant change in apoptosis ( Figure S5 ) and allowed normal number and morphology of arista. The excess-branching phenotype of IKK3 DN was suppressed by DIAP1 RNAi and enhanced by DIAP1 OE (Figure 4C ), without significant change in apoptosis ( Figure S5 ). IKK3 DN also enhanced the overexpression phenotype of Profilin [16] , suggesting that IKK3 is involved in regulation of F actin in laterals ( Figure 4D) . In S2 cells, DIAP1
OE increased the frequency of the serrate/stellate class of cells, as reported ( Figure 4E ) [22] . The coexpression of DIAP1 and IKK3 DN had an additive effect, and coexpression of DIAP1 with IKK3 recovered cell viability from w20% to w50% (assessed by transfected lacZ activity). Remarkably, the cell morphological effect of IKK3 overexpression was completely suppressed by DIAP1 OE ( Figure 4F ). Mild reduction of the regulatory caspase DRONC and its activator DARK [23] by RNAi enhanced the lateral phenotype of IKK3 DN ( Figure 4F) . In S2 cells, reduction of DRONC by RNAi or by expression of the specific inhibitor p49 [24] increased MI ( Figures 4G and 4H) . Inhibition of effector caspases by p35 had no effect on morphologies of laterals and S2 cells (Figures 4F and 4H ), suggesting that a simple obstruction of effector caspases is insufficient in changing cell shape. In addition, overexpression of IKK3 inhibited migration of border cells in the ovary without apparent evidence of apoptosis ( Figure S6 ), a phenotype similar to DIAP1 mutants [22] . Finally, IKK3
DN increased the level of DIAP1 by 3.3-fold ( Figure 4I ).
Those results indicate that IKK3 and DIAP1 have opposing effects on the shape of arista laterals and S2 cells, and that DIAP1 acts in parallel with, or downstream of, IKK3. We suggest that IKK3 prevents the inappropriate accumulation of F actin and thereby functions as a proofreading mechanism in morphogenesis when high precision is required for the monopolar growth of cell protrusions. The role of IKK3 in polarization of Drosophila oocytes was recently reported [13] .
Kuranaga et al. recently demonstrated that IKK3 promotes degradation of DIAP1 [21] . IKK3 is ubiquitously expressed in cells without any sign of apoptosis, and reduction of IKK3 did not apparently affect cell viability, suggesting that the normal level of IKK3 is insufficient to promote apoptosis and that the major physiological role of IKK3 is to modulate cell shape. Given that the cell-shape activity of IKK3 interacted with DIAP1 and DRONC, these apoptosis regulators may also play nonapoptotic roles in this context by physically interacting with Profilin or by cleaving critical regulators of F actin dynamics [22] . The identification of IKK3 provides a strong starting step toward clarifying the nonapoptotic functions of DIAP1 and Caspases in cellular morphogenesis.
(D) Time-lapse images of terminal-cell elongation in a control embryo. Dorsal view of a control terminal cell with the actin core (green) is shown. Open arrows indicate highly concentrated GFP-moesin that marks the interface of the terminal cell (magenta) and fusion cell [11] . Solid arrows show contralateral fusion cells. Dotted lines divide the terminal cell into dorsal and ventral halves for quantification of the number of filopodia shown in (H) and (I) . 
